Noise-induced hearing loss induces reorganization of the tonotopic map in cat auditory cortex and increases spontaneous ¢ring rate and neural synchrony.We showed previously that keeping cats after noise trauma in an acoustic environment enriched in high frequencies prevents tonotopic map reorganization. Here, we show the e¡ects of low-frequency and high-frequency enriched acoustic environments on spontaneous ¢ring rate and neural synchrony. Exposed cats placed in the quiet environment and in the low-frequency enriched acoustic environment showed increased spontaneous ¢ring rate and synchrony of ¢ring. In contrast, exposed cats placed in the high-frequency enriched acoustic environment did not show signi¢cant di¡erences in spontaneous ¢ring rate or synchrony compared with normal hearing controls. This is interpreted as an absence of putative neural signs of tinnitus.
Introduction
Cochlear damage of sufficient magnitude can be followed by reorganization of the cortical frequency-place (tonotopic) map. In that case, neurons with a characteristic frequency (CF) within the frequency band of the hearing loss acquire CFs corresponding to frequencies at the edge of the hearing loss range. Consequently, this boundary frequency of the hearing loss region becomes 'overrepresented', that is, more cortical neurons than normal are most sensitive to this tone frequency [1] [2] [3] [4] .
Cortical reorganization after hair cell damage may be caused by decrease in spontaneous and driven firing rates in affected auditory nerve fibers. This decreased excitatory input has been proposed to cause a decrease in central inhibition [2] . Ultimately, this decrease in central inhibition could induce an unmasking of latent excitatory connections, leading to the occurrence of new responses. The reorganization of the tonotopic map after a hearing loss can be the consequence thereof [5, 6] . Changes in neural frequency tuning can be accompanied by changes in the pattern of spontaneous firing [3, 7] .
Tinnitus often accompanies a high-frequency hearing loss and has been considered to be a direct consequence of the central nervous system changes following a hearing loss [7, 8] . Ultimately, these central changes may be associated with an aberrant pattern of spontaneous firing potentially interpreted as a real sound [3, 7] . According to this model, a frequency-specific decrease in excitatory input to the central nervous system after cochlear damage plays a critical role in inducing the central changes potentially related to tinnitus. Theoretically, compensating the decrease in excitatory inputs from the damaged cochlea, by presenting an enriched acoustic environment (EAE), should help prevent the central changes related to a hearing loss and, as a consequence, the emergence of aberrant neural activity potentially causing tinnitus. In a recent study, we addressed some effects of a high-frequency EAE (HF-EAE) after a noise trauma and showed that this not only prevented the occurrence of cortical reorganization but also limited the hearing loss in the high frequencies [4] . In the present study, we focus on the specificity of EAEs in preventing increased spontaneous neural activity and increased neural synchrony after an acoustic trauma.
Methods
The induction of an acoustic trauma and the EAE have been described previously [4] . We repeat the most important aspects here. We consider four groups: control, exposed cats without EAE (no-EAE), with an HF-EAE, and with a lowfrequency EAE (LF-EAE). The hearing loss was induced by at least 2 h stimulation with a 1/3rd octave band of noise centered at 5 kHz and a level of around 120 dB sound pressure level (SPL) at the cat's head. The HF-EAE contained frequencies between 6-20 kHz and was presented at a level of 80 dB SPL. The LF-EAE contained frequencies below 8 kHz and was presented at 70 dB SPL. We stimulated for 24 h/day in order to maximize the effect of the EAE on the auditory system after the trauma.
Immediately after the exposure [4] , five HF-EAE cats were continuously stimulated for at least 35 days (range 35-56). Seven no-EAE cats received no additional sound stimulation for at least 26 days (range 26-66). Four LF-EAE cats were continuously stimulated for at least 27 days (range 27-60). The six normal hearing control cats received no additional sound stimulation.
Animal preparation
The care and the use of animals reported in this study was approved (#BI 2001-021) and reviewed on a yearly basis by the Life and Environmental Sciences Animal Care Committee of the University of Calgary. All animals were maintained and handled according to the guidelines set by the Canadian Council of Animal Care.
At the time of the recordings, animals were on an average 125 (range 107-142), 178 (range 150-198), 220 (range 169-255), and 162 (range 147-182) days old in the control group, no-EAE, HF-EAE, and LF-EAE groups, respectively. All animals were deeply anesthetized with the administration of 25 mg/kg of ketamine hydrochloride and 20 mg/kg of sodium pentobarbital, injected intramuscularly. A mixture of 0.2 ml of acepromazine (0.25 mg/ml) and 0.8 ml of atropine methyl nitrate (25 mg/ml) was administered subcutaneously at approximately 0.25 ml/kg body weight. The ketamine dose to maintain a state of areflexive anesthesia was on average 7.4 mg/kg h (range 3-12 mg/ kg h).
Peripheral threshold estimation
Peripheral hearing sensitivity was determined from auditory brainstem response (ABR) thresholds in an anechoic room as described before [4] . The use of ABR in cats has been validated by comparison of the wave 4 threshold (the largest peak in the cat ABR) to that of auditory nerve fibers in normal animals and those with noise-induced hearing loss [9] .
Recording and spike separation procedure Two arrays of eight microelectrodes (4 Â 2 configuration with interelectrode distance within rows and columns equal to 0.5 mm; Frederic Haer Corp (Frederic Haer, Bowdoinham, ME, USA)) with impedances between 1 and 2 MO were used. Each electrode array was manually and independently advanced using the Narishige M101 hydraulic microdrives (Narishige, Tokyo, Japan). The signals were amplified 10 000 times (Frederic Haer Corp. HiZx8), filtered between 300 and 5 kHz, and processed by a DataWave multichannel data acquisition system (Datawave, Denver, CO, USA) Spike sorting was carried out off line using a semiautomated procedure based on principal component analysis [10] implemented in MATLAB. Separated units were combined into single-unit clusters (SUC).
Data analysis
Spontaneous activity was recorded over a 15-min period of silence. All nonstationary recordings were removed from the analyses, as they could introduce artificial correlations [11] . Cross-correlograms were calculated using custommade programs in MATLAB. The quantification of neural correlation was carried out on the basis of the crosscovariance C AB (t)¼(R AB (t)-E AB ), where R AB (t) is the number of coincidences in the 2 ms bin corresponding to lag time t, E AB is the expected value for coincidences under the assumption of independent spike trains, E AB ¼(N A N B )/N, with N¼T/D, where N A and N B are the number of spikes in the recording, D the bin size, and T the duration of the recording [12] . Ketamine anesthesia is known to induce burst and periodic firing (spindles). To correct for this, the cross-covariance, (R AB (t)ÀE AB ), was deconvolved with the square root of the product of the autocovariance functions, (R AA (t)-E A ) and (R BB (t)-E B ). Here E A and E B are the expected values for the autocorrelation functions. This procedure is an extension of the method used in Eggermont and Smith [13] . The peak area under the corrected crosscorrelogram was used to quantify neural synchrony.
Results
The control, no-EAE, and HF-EAE cats were the same cats as used by Noreñ a and Eggermont [4] . In that study, only the changes in hearing thresholds and in cortical tonotopic maps were reported. The results for spontaneous firing rates and spontaneous neural synchrony were not previously reported. Figure 1 shows the individual and group-averaged ABR audiograms for the control cats (a), no-EAE cats (b), HF-EAE cats (c), and LF-EAE cats (d). In the no-EAE cats, the trauma induced a hearing loss of about 40 dB in the high-frequency range. The data in Fig. 1a -c are taken from [4] . In HF-EAE cats, the EAE, applied for at least 3 weeks after the trauma, alleviated the hearing loss above 16 kHz and left a characteristic notched hearing loss between 3 and 16 kHz. In the LF-EAE cats, the noise-induced hearing loss is intermediate between that of the no-EAE cats and HF-EAE cats: around 25 dB in the 6-32 kHz frequency band. Hearing loss in the HF-EAE group is slightly higher in the 6-8 kHz band than that for the no-EAE and LF-EAE groups. As reported previously [4] , the no-EAE animals showed abnormal tonotopic maps, whereas the HF-EAE animals clearly did not. LF-EAE animals did not show clear changes in tonotopic maps.
Hearing loss and tonotopic maps

Spontaneous firing rates
Spontaneous firing rates were obtained for 15 contiguous minutes of silence and are shown in Fig. 2a as a function of CF. Figure 2b shows the mean spontaneous firing rate for SUCs with CFs in the range of 4-16 kHz, that is, the frequency range with hearing loss for all exposed animals. The spontaneous firing rate was significantly increased (Po0.05) in the no-EAE and LF-EAE cats compared with the controls. In contrast, the firing rate in the HF-EAE cats was not significantly different from that in the controls. Figure 3a shows cross-correlogram peak area for the four groups as a function of the geometric mean CF of the units. Again, only SUCs with a geometric mean of CFs between 4 and 16 kHz were included in the statistical analysis. 3b shows the average values for the four groups. The peakcorrelogram area was significantly higher (Po0.05) in the no-EAE and in LF-EAE cats than in the control group, and not significantly different between the HF-EAE cats and the controls.
Neural synchrony
Discussion
The no-EAE cats showed a high-frequency hearing loss, a reorganization of the cortical tonotopic map, and an increase in spontaneous firing rate and neural synchrony as shown before in juvenile [3] and adult cats [7, 14] . In contrast, the HF-EAE cats showed a reduced hearing loss (limited to the frequency band of 4-16 kHz) and normal tonotopic maps, and no change in spontaneous firing rates or neural synchrony as compared with the controls. The LF-EAE cats showed a reduced hearing loss and no clear evidence for a reorganization of the tonotopic map. In this group, both the spontaneous firing rate and neural synchrony were increased and not significantly different from the no-EAE cats.
Cortical responses in cats are mature at 100-120 days [15, 16] . In our data, the SFR did not depend on age for any of the four groups considered or for all the groups taken together. The significant differences in age between the controls and other groups did not affect the SFR. This is also clear from a comparison of the animals in the three exposed groups, all of which were of the same age, and in one of these groups (HF-EAE) the spontaneous firing rate was the same as that in the younger control animals.
The decrease in spontaneous afferent inputs caused by a noise trauma parallels the observed decrease in GABAergic neurotransmission in the inferior colliculus [17] . Such a decrease in central inhibition may cause the unmasking of excitatory connections and may promote, at least in the brainstem [18] , an increase in the number and strength of synaptic connections between neurons. The HF-EAE might have prevented this decrease in central inhibition. The fact that the spontaneous firing rate is not increased in the HF-EAE cats is consistent with the hypothesis that the central inhibition is not affected in this group [4] . In the LF-EAE and no-EAE cats, on the other hand, the spontaneous firing rate is significantly increased. This result suggests a decrease in central inhibition in these groups.
As shown in the present and earlier studies [7] , the spontaneous-firing synchrony between cortical neurons changes after an acoustic trauma. Previous studies showed an increase of the uncorrected peak cross-correlation coefficient [7] . Here, using a corrected cross-correlation function, we found only a change in the peak area, and combined with the absence of an effect on the peak R value this suggests a broadening of the correlogram peak. As corrected R values were used in the present study, however, this broadening is not the result of increased burst firing or other firing properties of the individual neurons that contribute to the cross-correlogram [13] .
As mentioned in the Introduction, tinnitus often accompanies hearing loss. Traumatic hearing loss, as shown here and in previous studies [3, 4, 6, 7] , is known to induce changes in the auditory cortex, which are supposed to induce tinnitus [3, 7, 19] (one notes, however, that noiseinduced tinnitus has been proposed to have a cochlear origin [20] ). Tinnitus may be related to an increase in spontaneous firing rate, which manifests hours to weeks after a hearing loss [3, 7] . Acute noise exposure, a condition known to induce tinnitus immediately after the trauma, however, is not immediately followed by an increase in firing rate in AI [7] . It is then unclear whether an increase in firing rate is the neural correlate of all forms of tinnitus. In the latter study [7] , the synchrony was increased only in neurons with CFs corresponding to the hearing loss range. The increase in synchrony might reflect the increase in common inputs to cortical neurons owing to the unmasking of latent connections. It was then proposed that this increase in synchrony might also be a neural correlate of tinnitus. 
Conclusion
Noise-induced hearing loss causes a reorganization of the cortical tonotopic map and increased firing rate and neural synchrony. If acoustic stimulation with a spectrum corresponding to the frequency band of the hearing loss is provided after the trauma, however, the hearing loss is reduced, the tonotopic map is normal, and the spontaneous firing rate and synchrony are unchanged. Thus, if traumainduced tinnitus is related to an increase in spontaneous firing rate or synchrony in AI, post-trauma stimulation might prevent the occurrence of tinnitus. 
Control
No-EAE HF-EAE LF-EAE Fig. 3 (a) Peak area of the cross-correlogram as a function of the geometric mean of the characteristic frequencys (CFs) for the four groups (note logarithmic axes).The locally weighted regression lines for the control group, no-enriched acoustic environment (EAE), high-frequency (HF)-EAE, and low-frequency (LF)-EAE cats are represented by a continuous line, thick short dash line, medium dash line, and long dash line, respectively. (b) The peak area (7SEs) for CFs between 4 and 16 kHz was signi¢cantly larger in the no-EAE and LF-EAE cats than in the control group, whereas the HF-EAE cats were not signi¢cantly di¡erent from the controls.
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